The small GTPase Rab5 is a conserved regulator of membrane trafficking; it regulates the formation of early endosomes, their transport along microtubules, and the fusion to the target organelles. Although several members of the endocytic pathway were recently implicated in spindle organization, it is unclear whether Rab5 has any role during mitosis. Here, we describe that Rab5 is required for proper chromosome alignment during Drosophila mitoses. We also found that Rab5 associated in vivo with nuclear Lamin and mushroom body defect (Mud), the Drosophila counterpart of nuclear mitotic apparatus protein (NuMA). Consistent with this finding, Rab5 was required for the disassembly of the nuclear envelope at mitotic entry and the accumulation of Mud at the spindle poles. Furthermore, Mud depletion caused chromosome misalignment defects that resembled the defects of Rab5 RNAi cells, and double-knockdown experiments indicated that the two proteins function in a linear pathway. Our results indicate a role for Rab5 in mitosis and reinforce the emerging view of the contributions made by cell membrane dynamics to spindle function.
The small GTPase Rab5 is a conserved regulator of membrane trafficking; it regulates the formation of early endosomes, their transport along microtubules, and the fusion to the target organelles. Although several members of the endocytic pathway were recently implicated in spindle organization, it is unclear whether Rab5 has any role during mitosis. Here, we describe that Rab5 is required for proper chromosome alignment during Drosophila mitoses. We also found that Rab5 associated in vivo with nuclear Lamin and mushroom body defect (Mud), the Drosophila counterpart of nuclear mitotic apparatus protein (NuMA). Consistent with this finding, Rab5 was required for the disassembly of the nuclear envelope at mitotic entry and the accumulation of Mud at the spindle poles. Furthermore, Mud depletion caused chromosome misalignment defects that resembled the defects of Rab5 RNAi cells, and double-knockdown experiments indicated that the two proteins function in a linear pathway. Our results indicate a role for Rab5 in mitosis and reinforce the emerging view of the contributions made by cell membrane dynamics to spindle function. M itosis coordinates the equal segregation of chromosomes into two daughter cells. The regulation, dynamics, and structure of chromosomes and spindle microtubules during mitosis have been studied in some detail, but the mechanisms that control the structural reorganization of endomembranes and their roles during cell division are still unclear. Membrane organelles like the Golgi, endoplasmic reticulum, and nuclear envelope (NE) are completely reorganized during cell division. In metazoans, the NE can be either completely or partially disassembled at mitotic entry, leading to open (e.g., mammals) and semiopen (e.g., Drosophila) mitoses. Increasing evidence supports the notion that endomembranes and their associated proteins have important functions during mitosis (1, 2) . Many NE components released during mitosis have been found to also have a role during mitosis (3) (4) (5) (6) (7) . Furthermore, several members of the endocytic and exocytic pathways were recently implicated in spindle organization (8, 9) . Clathrin becomes spindle-associated during mitosis (10) and serves as an adapter that recruits Aurora-A-phosphorylated transforming acidic coiled-coil 3 (TACC3) protein (11) . Its associated cyclin G-associated kinase (GAK) controls centrosome integrity, chromosome congression, and microtubule outgrowth from kinetochores (12, 13) .
The Rab5 GTPase regulates the formation of early endosomes (14) as well as their transport along microtubules (15) and fusion of endocytic vesicles to the target organelles. Rab5 in its active form is able to recruit several downstream effectors onto endosomes, and it has been proposed to create distinct membrane domains (14) . Recently, Rab5 has also been implicated in other cellular processes such as cell signaling, phagosome maturation (16, 17) , and endoplasmic reticulum reorganization and nuclear lamin disassembly during mitosis in Caenorhabditis elegans (18) .
Here, we show that Rab5 depletion affects chromosome movements before anaphase onset in Drosophila cells. Moreover, we found that Rab5 associated in vivo with Lamin and mushroom body defect (Mud), the Drosophila counterpart of nuclear mitotic apparatus protein (NuMA), which is known to be important for spindle formation and maintenance in vertebrate cells (19) (20) (21) . Consistent with this finding, the NE did not disassemble properly at mitotic entry in Rab5 RNAi cells, and Mud failed to accumulate at spindle poles. Finally, Mud depletion recapitulated the chromosome segregation defects observed after Rab5 RNAi, and depletion of either protein reduced interkinetochore tension. Our results indicate that Rab5 regulates not only the dispersal of Lamin in prophase but also chromosome behavior during prometaphase; the latter is most likely regulated indirectly through its association with Mud.
Results and Discussion
Rab5 Depletion Affects Chromosome Alignment. Small GTPases act as molecular switches in a large number of cell biological processes. To investigate the role of small GTPases in mitosis in cultured Drosophila cells, we systematically depleted all of the small GTPases present in the Drosophila genome by RNAi. We found that efficient Rab5 depletion (Fig. S1E ) caused an increase in cells with chromosome alignment defects ( Fig. 1A and Fig. S1 A and B) . This surprising phenotype was not observed after depletion of any other Rab GTPases in the RNAi screen. To discount off-target effects, we used two different Rab5 dsRNAs and in both cases, observed ill-defined metaphase plates, often with chromosomes lagging at the poles (Fig. 1A) . These lagging chromosomes were positive for the centromere identifier protein (CID) [centromere proteinA (CENPA) in human] indicating that they had intact centromeres (Fig. S1A) . Moreover, the association of the spindle assembly checkpoint (SAC) component BubR1 (22) with kinetochores revealed that the SAC had not been satisfied and that these cells had not yet entered anaphase (Fig. S1B) . In addition to a twofold increase in the number of misaligned chromosomes (Fig.  1B) , Rab5 RNAi cells also showed a significant (2.6-fold) increase in the number of binucleate cells (ANOVA P value = 0.02) (Fig. S1 C and D). This binucleate phenotype was previously described (23) .
To visualize centrosome and kinetochore dynamics after Rab5 RNAi, we performed time-lapse imaging using cells stably expressing Polo::GFP (24) . In these cells, Polo::GFP accumulated at the centrosomes in prophase (Fig. 1C , −03:40 time point and Movie S1) and subsequently, on kinetochores at NE breakdown (NEBD) (Fig. 1C , 00:00 time point and Movie S1), allowing the simultaneous observation of spindle dynamics and chromosome This article is a PNAS Direct Submission. 1 Present address: Department of Pathology, University of Cambridge, Cambridge CB2 1QP, United Kingdom. 2 To whom correspondence may be addressed. E-mail: lc284@cam.ac.uk or dmg25@ hermes.cam.ac.uk. behavior. In control cells, all kinetochores aligned properly at the metaphase plate (Fig. 1C, 25 :00 time point and Movie S1), whereas after Rab5 RNAi, many kinetochores failed to congress at the metaphase plate even after numerous attempts ( Fig. 1 D and E, 30:00 and 28:00 time points, and Movies S2 and S3). In all filmed cells, some chromosomes never congressed to the metaphase plate. However, despite the presence of misaligned chromosomes, all these cells entered anaphase, indicating that the SAC had been satisfied ( Fig. 1 D and E, 31:00 and 41:00 time points). To determine whether Rab5 RNAi cells were delayed in mitotic progression, we measured the interval between NEBD and anaphase onset. Rab5 RNAi cells displayed a significant delay in entering anaphase (30 ± 8 min, n = 12) compared with controls (19 ± 6 min, n = 11; ANOVA P value = 0.001), a likely consequence of problems in chromosome alignment; 2 of 12 Rab5 RNAi cells also failed cytokinesis because of the presence of lagging DNA at the cleavage sites (Movie S4), suggesting that the presence of binucleate cells observed in fixed preparations of Rab5 RNAi cells could be a secondary consequence of abnormal chromosome behavior ( Fig. S1 C and D) . We also found that Rab5 mutant larval brains (25) had aneuploid neuroblasts and abnormal metaphase and anaphase figures (Fig. S1 F and G).
Rab5 Shows Dynamic Localization During Mitosis. Rab5 localizes to cytoplasmic vesicles during interphase (26) , but its distribution during mitosis is not characterized. Using a cell line stably expressing an N-terminal GFP-tagged version of this GTPase, we observed that, in prophase, GFP::Rab5 localized predominantly around the centrosomes ( Fig. 2A ). The association with spindle poles persisted throughout metaphase and subsequently, in telophase, and cytokinesis GFP::Rab5 accumulated around the newly reformed NEs ( Fig. 2A) . Rab5 dynamics during mitosis were also confirmed by time-lapse analysis using a cell line stably expressing GFP::Rab5 and Tubulin::mRFP (Movie S5). Quantitation of protein expression levels revealed that the GFP-tagged transgene was expressed at a similar level as the endogenous Rab5 gene (Fig.  S2B ). Moreover, we were able to confirm a similar localization pattern for the endogenous protein using an antibody against Drosophila Rab5 (Fig. S2A ). Costaining GFP::Rab5 cells with a lipophilic styryl compound (FM4-64) indicated that a subset of FM4-64-stained membranes colocalized perfectly with GFP:: Rab5 at metaphase, indicating that Rab5 was still associated with membranous vesicles during mitosis (Fig. 2B ). Rab5 colocalizes with GFP::2xFYVE, a bona fide endosomal marker (25) (Fig.  S2C ), confirming that Rab5 GTPase is associated with membrane vesicles around the spindle poles (Fig. S2C) .
A previous study indicated that Rab5 vesicles could move along microtubules (15) , and thus, we determined whether Rab5 mitotic vesicles exhibited motor-dependent minus end-directed movement along microtubules to the spindle poles. We depleted the only two minus end motors present in the Drosophila genome, the kinesin-14 nonclaret disjunctional (Ncd) and the Dynein heavychain 64C (Dhc64C), as part of the Dynein complex. Depletion of Dhc64C led to a complete disruption of GFP::Rab5 accumulation at the spindle poles (Fig. 2C) , whereas ncd RNAi did not affect GFP::Rab5 localization, although it caused the expected multipolar spindle phenotype (27) . Efficient depletion of Dhc64C and Ncd was confirmed by Western blot (Fig. S2D) .
We next investigated whether aster microtubules were essential for the transport of Rab5 to centrosomes. The Polo mitotic kinase is required for centrosomes maturation and nucleation of astral microtubules, and its depletion leads to the formation of mono-or bipolar spindles that lack astral microtubules (28) . We found that GFP::Rab5 failed to localize to spindle poles after efficient Polo depletion ( Fig. 2C and Fig. S2D ). This finding strongly suggests that astral microtubules are required for the Rab5 GTPase to travel to centrosomes. Taken together, these experiments indicate that, during mitosis, Rab5-positive vesicles move to the poles of the nascent spindle along astral microtubules in a dyneindependent manner.
Rab5 Associates in Vivo with Lamin and Mud. To gain insight into potential functional interactions of Rab5 with the mitotic apparatus, we sought to identify Rab5-interacting proteins. We tagged Rab5 with two IgG binding domains of Protein A (PtA) and expressed this construct in cultured Drosophila cells. We then affinity-purified PtA::Rab5 along with its associated partners and identified all of the components by MS. Drosophila cells cannot be synchronized, and we could only enrich for mitotic cells using the proteasome inhibitor MG132 (29) . We also incubated the cell extracts with a nonhydrolysable GTP analog Guanosine 5′-O-(γ-thio) triphosphate before purification to lock Rab5 in its active form. As expected, we identified many endocytic proteins in our purifications, including dynamin (Shibire in Drosophila), Rab4 GTPase, and Clathrin (Fig. S3) . However, we also isolated two unexpected proteins: the single Drosophila homolog of the two vertebrate B-type Lamins and Mud, the Drosophila counterpart of the vertebrate NuMA (30) . Both NuMA and Mud play an important role in spindle orientation during asymmetric cell division (31) (32) (33) , and NuMA has recently been implicated in spindle assembly and chromosome congress in mammalian cells (20, 21) . We confirmed the association of Rab5 with Lamin in reciprocal pulldown experiments using a cell line stably expressing an N-terminal PtA-tagged version of Lamin. In addition to known Lamin interacting proteins such as Otefin (34) and histones (35) (Fig. S3) , we also purified Mud and Rab5, confirming that these three proteins are present in a complex in vivo (Fig. S3) . Immunoprecipitation (IP) experiments confirmed that the anti-Mud antibody could pull (Fig. 3A) . We could also pull down Myc::Rab5 from extracts of a stable cell line expressing PtA::Lamin (Fig. 3B) . The above findings led us to ask whether depletion of Rab5 might affect the mitotic localization of Lamin and Mud. Lamin is the major component of the nuclear lamina that is dispersed on mitotic entry. We found that Rab5 RNAi caused a two-to threefold increase in prometaphase/ metaphase cells showing persistent Lamin around the spindle envelope (Fig. 4 A and B) , the highly fenestrated remnants of the nuclear envelope that encircles the mitotic apparatus in many Drosophila tissues (36, 37) . Moreover, Lamin was not disassembled properly in prometaphase/metaphase cells, even in the presence of a clear bipolar spindle (Fig. 4A) ; this finding suggests that Rab5 promotes the disassembly of the nuclear lamina structure at mitotic entry, which is consistent with recent findings in C. elegans (18) .
In untreated cells, Mud accumulated around the nuclear envelope in interphase and then translocated to the spindle poles in prophase and metaphase (Fig. S4A) . We found that Rab5 accumulated in pericentrosomal regions in prophase where it colocalized with Mud (Fig. S4B) . In prometaphase/metaphase, the two proteins were in close proximity; however, whereas Mud associated with the spindle poles, Rab5 showed a distribution around the poles (Fig. S4B) . Depletion of Rab5 led to a clear reduction or even absence of Mud at the spindle poles in 50.4% (±11.6) of prometaphase/metaphase cells (n = 146) (Fig. 4 C and D) , and Mud was often mislocalized around the spindle envelope in 13% (±0.46) of mitotic cells (n = 146) (Fig. 4 C and E) . By contrast, Mud depletion did not prevent Rab5 recruitment to spindle poles (Fig. S5) . Together, these data suggest that Rab5 is required for the proper disassembly of the nuclear lamina in mitosis to allow the release and polar transport of some mitotic proteins, including Mud, associated with this membranous structure in interphase.
Mud Depletion Causes Chromosome Misalignment Defects. We reasoned that, if Rab5 and Mud were part of a functional mitotic complex, then Mud depletion should recapitulate at least some of the mitotic defects observed after Rab5 depletion. Consistent with this hypothesis, mud RNAi cells displayed chromosome congress defects very similar to those defects observed after Rab5 RNAi (Fig. 5 A and C) . Mud-depleted cells showed a twofold increase in the number of misaligned chromosomes, which sometime localized close to the spindle poles ( Fig. 5 A and C) . These chromosomes exhibited a strong BubR1 signal at kinetochores (Fig. 5B) , indicating that the SAC had not been satisfied.
To assess if Rab5 and Mud function in a parallel or linear pathway, we performed a double knockdown experiment. Simultaneous depletion of both proteins did not exacerbate the chromosome alignment defect of the single knockdowns (Fig. 5 D and E) , indicating that Rab5 and Mud act in the same pathway. These results are consistent with the association in vivo of the two proteins and the fact that Mud is abnormally localized in Rab5 RNAi cells but not vice versa, suggesting that Rab5 acts upstream of Mud.
Rab5 Is Required for Kinetochore Microtubule Tension. Recent studies in mammalian cells indicated that defects in chromosome congress and spindle maintenance after NuMA depletion were most likely caused by a lack of tension at kinetochore microtubules (20, 21) . Thus, we asked whether a similar lack of kinetochore microtubule tension could be observed after depletion of either Rab5 or Mud. We treated cells with dsRNAs directed against Rab5, Mud, or GFP (control) for 72 h. Control GFP RNAi cells were also incubated with either the microtubule depolymerizing drug colchicine or its solvent DMSO for 3 h to provide samples of mitotic cells in which kinetochores were under normal tension or no tension at all in the absence of microtubules (Fig. 6A) . We then measured and compared the interkinetochore distances of kinetochore pairs in all samples at late prometaphase/metaphase. Consistent with published observations (38) , the interkinetochore distance in control cells treated with DMSO was 0.94 ± 0.15 mm, whereas when tension was removed after colchicine treatment, this distance was reduced to 0.78 ± 0.18 mm. In comparison, the distance across sister kinetochores was 0. , control-mud P value = 0.0001) (Fig. 6A) . Importantly, the distributions of interkinetochore distances were skewed away from the mean in control cells to the mean of colchicines-treated cells (Fig. 6B ). This finding is indicative of reduction in the interkinetochore tension for cells depleted of Rab5 or Mud that could contribute to the congress defects observed in our experiments.
The 3F3/2 monoclonal antibody recognizes a phosphoepitope at the kinetochore that has been used as molecular readout of kinetochore tension, and therefore, we asked whether this epitope could be detected at kinetochores of Rab5 or mud RNAi cells. In control cells, the 3F3/2 signal at kinetochores was either very low or absent as expected (Fig. 6C) (39) . In contrast, kinetochores in Rab5 RNAi cells were positive for 3F3/2, which was similar to colchicines-treated cells (Fig. 6 C and D) , whereas mud RNAi kinetochores showed weaker, although significant, staining (Fig. 6 C and D). These results also support the evidence of a reduced interkinetochore tension after Rab5 or mud RNAi. Together, these experiments suggest that the abnormal chromosome behavior observed after Rab5 and Mud knockdown could result from a reduction in interkinetochore tension, which is in agreement with previous findings that NuMA is necessary in vertebrate cells for proper kinetochore tension and chromosome alignment at the metaphase plate (20, 21) .
Conclusion
Our results indicate that Rab5 controls the mitotic behavior of Lamin and the NuMA-related protein Mud, which are both components of the interphase nuclear envelope in Drosophila. It is noteworthy that dynein, known to transport NuMA to the poles (40) and facilitate breakdown of the nuclear envelope (41) , is also required for Rab5 to accumulate around the poles in mitosis. Increasing evidence suggests that Lamin and membranous structures contribute to a spindle matrix that is important for proper spindle formation and a mechanical support to hold the spindle structure in place (2) . NuMA has been postulated to be part of this spindle matrix in the vicinity of the poles. Indeed, in the partially open mitoses of Drosophila embryo, residual Lamin in the persisting spindle envelope has been proposed to play an important role in buffering forces generated by microtubule motors (42) . A similar function has been hypothesized for the membranous Lamin B network that is associated with the spindles of vertebrates (4) . In this light, we propose that the chromosome alignment defects ob- The intensity of 3F3/2 fluorescence at centromeres was calculated using the formula 3F3/2 fluorescence = (I CF − I C )/I C , where I CF is the fluorescence intensity at the centromere and I C represents the background intensity measured within an identical area inside the cytoplasm. More than 50 centromeres from two separate experiments were analyzed. P values were calculated using Student t test. AU, arbitrary units.
served in both Rab5 RNAi cells and mutant Rab5 neuroblasts could reflect defective spindle function resulting from a combination of Mud/NuMA abnormal distribution and incomplete dispersion of Lamin at mitotic entry. We also cannot rule out other additional consequences of Rab5 depletion on spindle function or the possibility that other proteins could also be involved in Rab5 mitotic function.
Our results point out a key role for Rab5 in disassembling the nuclear envelope and regulating the distribution of spindle matrix components in Drosophila. Evidence that Rab5 is also required for chromosome alignment in human cells [discussed in the work by Serio et al. (43) ] suggests that this role has been conserved during evolution. Indeed, this finding may be one part of a larger mechanism that coordinates the dissolution of the interphase endocytic machinery to put it to an alternative use during mitosis.
Materials and Methods
Drosophila Cells Culture and RNAi-Mediated Interference. The DMel strain of Drosophila S2 cells (Invitrogen) was used in all experiments. These cells were cultured in serum-free medium (Express Five; GIBCO) supplemented with 1 mM glutamine, penicillin, and streptomycin at 25°C. Generation of all dsRNAs was performed as previously described (44) . We used two different oligonucleotide sequences targeting different regions of Rab5 and mud genes. All of the oligonucleotides used in this work are available on request.
Fly Stocks and Cytology. The Oregon R strain was used as WT. Rab5 alleles were a gift from M. Gonzalez-Gaitan (Geneva, Switzerland) (25) . After testing all of the possible heteroallelic combinations of different Rab5 alleles, we found that only Rab5 1 /Rab5 3 animals reached the third instar larval stage required for the preparation of neuroblasts mitotic chromosome squashes as described previously (45) .
Plasmid Constructs and Generation of Stable Cell Lines. ORFs encoding the protein(s) of interest (Rab5 and Lamin) were amplified by PCR using Accuprime polymerase (Invitrogen) and primers containing attB flanking sequences for Gateway Technology. PCR products were purified and introduced into a pDONR221 plasmid (Invitrogen) to generate entry vectors. Expression vectors of the proteins of interest were generated with the ORF under the control of a constitutive (actin 5C) or inducible (metallothionein) promoter (29) . The tubulin::mRFP plasmid was a gift of Matthew S. Savoian (University of Cambridge, Cambridge, United Kingdom). The GFP::2XFYVE stable cell line was a gift from T. Takeda (University of Cambridge, Cambridge, United Kingdom). Stable cell lines were generated using Blasticidin (Invitrogen) selection as previously described (29) .
More detailed descriptions of immunocytochemistry, microscopy, live imaging, PtA affinity purification, MS, Western blot analysis, IP experiments, and statistical analysis are given in SI Materials and Methods.
